To understand the roles of human parainfluenza virus 3 (HPIV3) proteins in assembly and release, viral proteins were expressed individually and in combination in 293T cells. Expression of the matrix (M) protein triggered release of enveloped, matrix-containing virus-like particles (VLPs) from cells. When M was co-expressed with the nucleocapsid (N), fusion (F) or haemagglutininneuraminidase (HN) proteins, VLPs that contained M+N, M+F and M+HN, respectively, were generated, suggesting that M can independently interact with each protein to facilitate assembly and release. Additionally, expression of N protein enabled incorporation of the phosphoprotein (P) into VLPs, likely due to known N-P interactions. Finally, the HPIV3 C protein did not enhance VLP release, in contrast to observations with the related Sendai virus. These findings reinforce the central importance of the M protein in virus assembly and release, but also illustrate the variable roles of other paramyxovirus proteins during these processes.
Human parainfluenza virus type 3 (HPIV3) is an enveloped, non-segmented, negative-sense RNA virus within the genus Respirovirus of the family Paramyxoviridae, order Mononegavirales (Lamb & Parks, 2013) . As with other human parainfluenza viruses, HPIV3 is a significant cause of lower respiratory tract infections, most notably pneumonia and bronchiolitis in infants and young children (Karron & Collins, 2013; Henrickson, 2003; Weinberg et al., 2009) . No antivirals or vaccines are available for any of the human parainfluenza viruses.
Structurally, HPIV3 particles are pleomorphic in shape, with a diameter of 150-350 nm. The viral fusion (F) and haemagglutinin-neuraminidase (HN) proteins are embedded in the envelope, while the matrix protein (M) is found on the inner surface of the envelope. The M protein is believed to interact with the F and HN envelope proteins and the ribonucleoprotein (RNP) core of virus particles. The RNP consists of a helical nucleocapsid, composed of the nucleocapsid (N) protein-bound genome, and the RNA polymerase complex containing the phosphoprotein (P) and large (L) polymerase proteins (Lamb & Parks, 2013) .
With the Mononegavirales, formation of virions occurs when the RNP locates to a region of the plasma membrane where viral envelope proteins are sited. From this position exocytosis occurs, resulting in the release of mature virus particles. The M protein is the central organizer for assembly and release of virions. For assembly, it is believed that the M protein interacts with the N protein of the RNP. Via M protein interactions with the membrane and cytoplasmic tails of the envelope proteins, the RNP is located to the inner surface of the plasma membrane where the envelope proteins are concentrated (Schmitt & Lamb, 2004; Hartlieb & Weissenhorn, 2006; Jayakar et al., 2004) .
While the central importance of the M protein in assembly and release appears to hold for all mononegaviruses, the precise role of M and other viral proteins varies between virus species. Via a process thought to parallel virus particle budding, independent expression of the M protein of most paramyxoviruses results in the release of virus-like particles (VLPs) that consist of the M protein surrounded by an envelope. The exception appears to be the genus Rubulavirus, since efficient budding of VLPs with the parainfluenza virus 5 and mumps virus M proteins requires co-expression of M, N and either the F or the HN proteins (Li et al., 2009; Schmitt et al., 2002) . In general, the paramyxovirus N, F and HN proteins, when expressed individually, typically exit cells poorly or not at all, unless co-expressed with the M protein (El Najjar et al., 2014; Harrison et al., 2010) . Of the envelope proteins, F appears to have the highest propensity for formation of VLPs when expressed individually, with F-directed VLP release being observed with measles, Nipah and Sendai viruses (SeV) (Patch et al., 2007; Pohl et al., 2007; Sugahara et al., 2004; Takimoto et al., 2001 ).
The C proteins of SeV (also a Respirovirus) are a nested set of four proteins encoded in an alternative reading frame of the P gene, and have been implicated as stimulatory for SeV VLP and virion production. Addition of the SeV C protein to VLP assays enhanced release efficiency, while knockout of the C proteins from infectious virus decreased virus particle release (Irie et al., 2008a, b; Sakaguchi et al., 2005) .
Mechanistically, the C protein was shown to interact with the cellular Alix/AIP1 protein, a component of the endosomal sorting complexes required for transport (ESCRT) machinery. The ESCRT machinery directs membrane remodelling and, in particular, budding of vesicles away from the cytoplasm. The ESCRT machinery has been implicated as assisting in budding of numerous enveloped viruses At 40 h post-transfection, protein from the media was purified by ultracentrifugation through 20 % sucrose, while protein from cell lysates was purified via immunoprecipitation. Following SDS-PAGE, protein levels were determined by phosphorimager analysis. Release efficiency of the tagged proteins is expressed as a percent age of the release efficiency of the wild-type M protein by averaging three experiments. The SDs were less 11 %. (b) Clarified media containing the wild-type M protein was treated with Triton X-100 (1 % final concentration) and/or trypsin (25 µg ml À1 final concentration) for 30 min at 37 C, then visualized by immunoprecipitation followed by SDS-PAGE and phophorimager analysis. For (c-f), the N, P, F and HN proteins were expressed individually and pair-wise with M. For all experiments, 0.8 µg pCAGGS-M was used. For the M+N experiment (c), 0.4 and 0.8 µg pCAGGS-N was used in the N-only lanes, while 0.4, 0.7 and 1.2 µg were used in the M+N lanes. For the M+P experiment (d), 0.4 µg pCAGGS-P was used in the P-only lane, while 0.01, 0.034, 0.17 and 0.4 were used in the M+P lanes. For the M+F experiment (e), 0.17 µg pCAGGS-F was used in the F-only lane, while 0.01, 0.027, 0.08 and 0.24 µg were used in the M+F lanes. For the M+HN experiment (f), 0.54 µg pCAGGS-HN was used in the HN-only lane, while 0.02, 0.06, 0.18 and 0.54 µg were used in the M+HN lanes. All proteins were purified as described for (a), except for the M+F panel, in which the proteins in the media were purified by immunopreciptation. Release efficiencies for (c-f) are for the image shown.
from the plasma membrane (Harrison et al., 2010) . With SeV, recruitment of Alix and the associated ESCRT machinery to the plasma membrane correlated with increased release of VLPs (Irie et al., 2008b) . However, another report provided evidence that C and Alix were not required for SeV virion formation (Gosselin-Grenet et al., 2007) .
Recently, it was shown that a tagged HPIV3 M protein, alone and in combination with the HIPV3 N, F and HN proteins, was capable of inducing VLP formation (Zhang et al., 2014 (Zhang et al., , 2015 . However, the ability of the F and HN proteins to release from cells, and the role of the C protein were not investigated. Thus, to better understand the mechanism of HPIV3 assembly and release, to expand the work on Respirovirus C proteins, and to establish a system for future investigation of viral and cellular protein interactions in assembly and release, we sought to elucidate the relative contributions of the HPIV3 M, N, P, F, HN and C proteins toward these processes.
To confirm that wild-type HPIV3 M protein was capable of directing VLP formation, we expressed the HPIV3 M protein, and FLAG-and HA-tagged versions thereof, in 293T cells, radiolabelled proteins, and collected culture media and cell lysates. The M protein was detected from the cell lysates via immunoprecipitation (using an anti-HPIV3 polyclonal antibody) followed by SDS-PAGE, while VLPs from the culture medium were sedimented though 20 % sucrose by ultracentrifugation prior to SDS-PAGE (Fig. 1a) . The wild-type HPIV3 M protein was present in media and, thus, was released from cells. To confirm that the M protein was released in the form of VLPs, a protease protection assay was performed (Fig. 1b) . In this assay, M protein from media was treated with trypsin and/or Triton X-100.
Only when treated with both trypsin and Triton X-100 was the M protein digested, indicating that a detergent soluble membrane surrounds the M protein. The N-terminal FLAG-tagged M ( F M), and the C-terminal FLAG-and HAtagged M proteins (M F , M HA ) also released from cells. However, compared with the wild-type M protein, the release of the tagged proteins was reduced two-to three fold. All further experiments described herein used the wild-type M protein.
To deduce the roles of the N, P, F and HN proteins in assembly and release, each of these proteins was expressed independently and pair-wise with the wild-type M protein (Fig. 1c-f ). Proteins from cell lysates and media were visualized as previously described, except for experiments using the F protein. Visualization of the F protein from the media was more effective via immunoprecipitation [polyclonal antibody provided by Dr Charles Russell (Zhan et al., 2008) ] than by sedimentation through sucrose. Despite the use of protease inhibitors, it appears that some F protein was degraded during sucrose sedimentation. It should be noted that for all other protein combinations, equivalent results were seen whether protein from the media was purified by immunoprecipitation or sedimentation.
The N, P, F and HN proteins, when expressed individually, did not release from cells. When the N, F and HN proteins were each co-expressed with the M protein, they were effectively released from cells, indicating that the M protein may be capable of independently interacting with each of these proteins to facilitate their release from cells (Fig. 1c , e, f ). The P protein did not release from cells when coexpressed with M (Fig. 1d) , in contrast to recent HPIV3 results (Zhang et al., 2015) . Additionally, none of the HPIV3 proteins increased M release efficiency, though coexpression of M with high concentrations of F resulted in decreased M release.
To confirm that the released proteins were in VLPs, the sucrose-sedimented media was analysed via sucrose floatation experiments and electron microscopy ( Fig. 2) . For the floatation, the pellet from the ultracentrifugation through 20 % sucrose was resuspended in concentrated sucrose (56 %) and placed at the bottom of a sucrose floatation gradient for further ultracentrifugation. Detection of proteins in the floated fractions was via sedimentation of the upper portion of the floatation gradient followed by SDS-PAGE. Co-expression of the M protein with N, HN and N+HN resulted in detection of the proteins in the floated fraction, indicating all proteins were lipid associated. For the Mononegavirales, the only investigation of P protein incorporation into VLPs was reported recently with HPIV3 (Zhang et al., 2015) . As shown in Fig. 1d , co-expression of the HPIV3 M and P proteins did not result in P release, in contrast to observations by Zhang et al. (2015) . To determine whether the N protein could mediate P protein incorporation into VLPs in our system, N protein was expressed along with the M and P proteins (Fig. 3a) . When expressed with both M and N, the P protein was released from cells indicating that interaction of P with N is required for assembly of P into VLPs.
The C proteins of the genus Respirovirus are multifunctional proteins with roles in regulating viral RNA synthesis, countering the innate immune response, and facilitating virion release (Bartlett et al., 2008; Garcin et al., 1999; Gotoh et al., 1999; Hasan et al., 2000; Malur et al., 2004 Malur et al., , 2005 Curran et al., 1992) . Because the SeV C proteins can enhance VLP release by twofold or more (Sugahara et al., 2004) , we sought to ascertain the role of the HPIV3 C protein (HPIV3 encodes only one C protein) in HPIV3 VLP release. Increasing concentrations of the C protein were expressed with the HPIV3 M, N and HN proteins. In these experiments we varied levels of M protein since we have observed that low concentrations of M result in decreased release efficiency. However, under no conditions did any amount of C increase release of the HPIV3 M protein (Fig. 3b) . What was observed was a slight, but consistent decrease (approximately 30 %) in the amount of M released with higher levels of C expression. Additionally, the M and C proteins were co-expressed without the N and HN proteins. As with the M+N+HN combination of proteins, elevated M release was not observed upon addition of the C protein (data not Fig. 3 . Involvement of proteins from the P gene in HPIV3 VLP formation. (a) To examine assembly of the P protein into VLPs, the M and P proteins were expressed by transfection of 0.6 and 0.1 µg of the respective pCAGGS plasmids, with and without the N plasmid (0.1 µg pCAGGS-N). Radiolabelled proteins (VLPs) from the media were processed by sedimentation through sucrose, while protein from cell lysates were processed via immunoprecipitation. (b) To examine the role of the C protein, the M, N and HN proteins were expressed via transfection (0.5, 0.07 and 0.4 µg pCAGGS plasmids, respectively) with increasing amounts of the C protein-encoding plasmid (0.05, 0.15 and 0.45 µg pCAGGS-C). Media samples were processed by sedimentation through sucrose, while protein from cell lysates was purified by immunoprecipitation. The C band is just above a dye front band at the bottom of the image.
shown). Interestingly, there appears to be some low-level release of C protein into the media. However, attempts to confirm C protein incorporation into VLPs using tagged C proteins were unsuccessful (data not shown). Since C protein incorporation into VLPs or virus particles has not been reported, we plan to determine the physiological relevance of this observation by examining virus particles for C protein incorporation.
VLP production assays are valuable tools for studying virus assembly and release. By characterizing the roles of viral proteins in generating HPIV3 VLPs, we observed that HPIV3 VLP creation was completely reliant on expression of the viral M protein, in agreement with the M protein being the primary coordinator of paramyxovirus assembly and release (Harrison et al., 2010) .
It is interesting that wild-type M protein released less efficiently than amino-or carboxy-tagged versions thereof. The exact mechanism(s) for this defect is not known, but could involve decreased self-association, decreased membrane binding, or decreased interaction with host proteins. Regardless of mechanism, this observation points to using non-tagged M proteins whenever possible and reemphasizes the need for caution whenever analysing tagged proteins.
When the HPIV3 M was co-expressed with other HPIV3 proteins, the roles of some proteins differed when compared to previous HIPV3 or SeV work. When we coexpressed M with P, P was not released from cells, in contrast to recent HPIV3 results (Zhang et al., 2015) . Though our methodologies were different (we expressed wild-type proteins and radiolabelled prior to sedimentation of VLPs, while Zhang and colleagues used tagged proteins and tagspecific antibodies to detect the sedimented proteins) our detection of 10-50 % P protein release would have been obvious had it occurred. Thus, the difference in results may be attributed to the tagged proteins. Perhaps addition of the acidic HA tag to the highly basic M protein (pI=9.59) altered the protein and opened a site for P association. It should be noted that Zhang et al. (2015) showed an M mutant that failed to bind N also prevented P incorporation into VLPs when all three proteins were co-expressed. From this, they concluded that N binding to P was the mechanism for P incorporation into VLPs (in agreement with our results) and could not assign any physiological relevance to the M-P interaction.
Regarding SeV, the inability of the HPIV3 F protein to trigger release of VLPs contrasts with SeV findings, wherein the F protein was able to trigger release of F-containing VLPs, albeit with lower efficiency compared with the SeV M protein (Sugahara et al., 2004; Takimoto et al., 2001) . Additionally, we observed no evidence for any VLP releasepromoting activity with F or HN. This contrasts with SeV, where co-expression of F with M resulted in enhanced M release (Sugahara et al., 2004; Takimoto et al., 2001) . Furthermore, with SeV it was also observed that co-expression of the SeV N or HN proteins with M decreased the release efficiency of the M protein (Sugahara et al., 2004) . Our results are in agreement with the previous HPIV3 study by Zhang et al. (2014) , in that no change in HPIV3 M release efficiency was observed when M was expressed with N or HN.
The difference in the roles of the SeV and HPIV3 C proteins in promoting VLP release is somewhat surprising given that SeV and HPIV3 are closely related, and that C functions of viral RNA synthesis regulation and countering innate immunity appear to be conserved. However, a mutant HPIV3 in which C protein expression was abrogated by altering the start codon did replicate to titres 100-fold lower than a parental virus in culture (Durbin et al., 1999) . Since protein expression appeared to be normal in the mutant, it is possible that this mutant was deficient in assembly/ release. Additional work with C-deficient HPIV3 would help to clarify the role of the C protein in HPIV3 assembly/ release.
Taken together, these results illustrate that members of the genus Respirovirus do vary in some aspects of VLP assembly and release. This was most apparent regarding the involvement of the F and C proteins in HPIV3 VLP formation. Further, development of the HPIV3 VLP assay, and establishing the roles of the various HPIV3 proteins in assembly and release will allow for more in-depth analysis of these processes. Interactions between viral proteins, and between the M protein and cellular proteins, during HPIV3 VLP formation can now be investigated.
